-gradient were Ϫ26.2 Ϯ 2.9 kcal/mol (n ϭ 7) in control experiments and Ϫ16.1 Ϯ 1.5 (n ϭ 14) in the presence of 100 mM KCl. At 35°C, KCl has a smaller effect (ϳ1.5-fold) on activating the enzyme. Similar to SR Ca 2ϩ -ATPase from mammals, at this temperature the enzyme produces almost twice the amount of heat per mole of ATP hydrolyzed in the presence of a Ca 2ϩ gradient and KCl has no effect at all on this increment. These data suggest that the marlin SR Ca 2ϩ -ATPase may play an important role in heater organ thermogenesis and that KCl has the potential for regulating the heat production catalyzed by the enzyme. billfish; regional endothermy; SERCA1; Makaira nigricans MOST FISH ARE ECTOTHERMIC, keeping their internal temperature only 1 to 2°C above water temperature. However, billfish (marlins, sailfish, and swordfish) employ a strategy of regional endothermy, at least for the cranial cavity, which is kept warm by a specialized thermogenic tissue called heater organ (4 -13). These fish are able to dive into deep (ϳ600 m) and cold (ϳ10°C) water and keep their cranial temperature constant at ϳ28°C (11-13). Derived from skeletal muscles of the eye, the heater organ expresses a unique thermogenic phenotype (4 -7, 12, 44, 45). Heater cells lack the highly organized contractile filaments (actin and myosin) that are characteristic of conventional muscle fibers, and upregulate all the cellular components involved in energy metabolism and Ca 2ϩ mobilization (9). Previous studies using immunological, biochemical, and molecular techniques have shown that heater organs contain many transverse-tubules and an extensive sarcoplasmic reticulum (SR) network, enriched in sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA), ryanodine channels (RyR), and calsequestrin (7, 10, 45).
MOST FISH ARE ECTOTHERMIC, keeping their internal temperature only 1 to 2°C above water temperature. However, billfish (marlins, sailfish, and swordfish) employ a strategy of regional endothermy, at least for the cranial cavity, which is kept warm by a specialized thermogenic tissue called heater organ (4 -13) . These fish are able to dive into deep (ϳ600 m) and cold (ϳ10°C) water and keep their cranial temperature constant at ϳ28°C (11) (12) (13) . Derived from skeletal muscles of the eye, the heater organ expresses a unique thermogenic phenotype (4 -7, 12, 44, 45) . Heater cells lack the highly organized contractile filaments (actin and myosin) that are characteristic of conventional muscle fibers, and upregulate all the cellular components involved in energy metabolism and Ca 2ϩ mobilization (9) . Previous studies using immunological, biochemical, and molecular techniques have shown that heater organs contain many transverse-tubules and an extensive sarcoplasmic reticulum (SR) network, enriched in sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA), ryanodine channels (RyR), and calsequestrin (7, 10, 45) .
The SERCA pump is a cation-transport P-ATPase that plays a major role during the excitation-contraction cycle of muscle, transporting Ca 2ϩ from the cytosol into the SR at the expense of ATP hydrolysis and thus promoting the relaxation of the muscle (15, 39) . The SERCA isoform derived from blue marlin (Makaira nigricans) heater organ has been cloned, sequenced, and identified as SERCA1b, the same isoform expressed in blue marlin extraocular muscles, which give rise to the thermogenic tissue, as well as in newborn mammals (33, 44) . Indeed, corroborating the molecular work, it has been shown, using specific antibodies that heater cells express SERCA1 and not SERCA2 (37) .
Although the molecular mechanisms of heat production by blue marlin heater organ are not well understood, it has been hypothesized that the thermogenic process is associated with Ca 2ϩ cycling and involves excitation-thermogenesis coupling between the transverse tubule and the SR membrane. A neuronal stimulus mediated by acetylcholine receptors results in depolarization of the heater cell membrane, and Ca 2ϩ is released from the SR through ryanodine Ca 2ϩ channels. Increments in cytoplasmic Ca 2ϩ concentrations stimulate the activity of the SERCA pump, which transports Ca 2ϩ back into the lumen of the SR. This futile Ca 2ϩ cycle in heater cells results in a continuous consumption of ATP that stimulates oxidative metabolism, a process that generates heat (9) . However, as far as we know, the heat production by heater cells has not yet been measured. It has been described that different SERCA isoforms are able to interconvert different forms of energy. During their catalytic cycle, part of the chemical energy released during ATP hydrolysis is used to transport Ca 2ϩ across the membrane and the other part is converted into heat, which can be used to maintain a constant body temperature in endothermic animals (9, 18 -25) . Recent studies have demonstrated that the presence of a Ca 2ϩ gradient and the physiological temperature of the animal seem to be essential for increasing the amount of heat production mediated by SERCA. The SERCA1 isoforms from rabbit and trout skeletal muscle are able to double the amount of heat released per mole of ATP hydrolyzed in the presence of a Ca 2ϩ gradient when operating at their respective physiological temperatures (35°C and 25°C) (20) .
The role of monovalent cations in SERCA activity is controversial; it depends on the SERCA isoform used and the experimental conditions of the medium. Most of the mammalian SERCA isoforms studied so far are not dependent on KCl to reach maximal activity, and the monovalent cations have no effect at all. However, it has been shown that in the presence of different glycosaminoglycans, the activity of different SERCA isoforms is inhibited, and KCl, but not LiCl, is able to block this inhibition (17, 40, 41) . Later, it was demonstrated that invertebrate SERCA isoforms are naturally dependent on KCl, but not LiCl, to reach maximal activity due to the presence of endogenous glycosaminoglycans in the SR vesicles (29 -32) .
In this report, we investigate the mechanism of energy interconversion catalyzed by the SERCA1 derived from blue marlin heater organ SR vesicles and the possible thermogenic contribution of this enzyme at different temperatures. In addition, we also examine the effect of monovalent cations on Ca 2ϩ uptake, ATP hydrolysis, and heat production catalyzed by the blue marlin heater organ SERCA pump. We propose that the SERCA1 can play an important role during thermogenesis in heater organs and the amount of heat production can be regulated by KCl and the temperature of the medium.
MATERIALS AND METHODS
Reagents. All reagents were of analytical grade. 45 (35) .
Tissue collection. Our protocol with animals was approved by the local committee for animal experimentation (licence no. IBQM 033).
Blue marlin (M. nigricans) heater organs were collected from six fish (ϳ280 -420 kg) caught during fishing tournaments in Cabo Frio, on the coast of the state of Rio de Janeiro, Brazil during 2005 to 2007. The heater organs were removed, dissected, and freeze-clamped in liquid nitrogen ϳ3-5 h after the fish died. In the laboratory, the tissues were stored in a freezer at Ϫ80°C until used for preparations. In some fish, the heart was still beating when the heater organ was collected, but no difference in the SERCA1 activity was observed between different fish.
Isolation of SR vesicles. SR vesicles were prepared according to Arruda et al. (1) , with slight modifications. Microsomes enriched in SR were isolated from ϳ5-10 g of blue marlin heater organ. The tissue was homogenized in 10 volumes of buffer I (0.1 M NaCl, 0.1 M KCl, 20 mM MOPS-Tris, pH 7.0, and 1 mM PMSF) using a Teflon pestle. Homogenates were centrifuged twice for 10 min at 1,900 g. The supernatant was passed through two layers of cheesecloth and centrifuged at 6,700 g for 10 min. The pellet was discarded, and the supernatant was centrifuged at 17,200 g for 30 min. The pellet was then discarded, and the supernatant was centrifuged at 30,600 g for 40 min. All the centrifugations were performed using an SS-34 rotor in a refrigerated Sorvall centrifuge. The pellet obtained, enriched in light SR vesicles, was resuspended in buffer II (0.32 M sucrose, 50 mM KCl, and 50 mM MOPS-Tris, pH 7.0) and frozen in liquid nitrogen. In some experiments, leaky vesicles were prepared by adding the Ca 2ϩ ionophore A23187 (5 M) to the reaction medium. The protein concentration was determined as described by Lowry et al. (34) , using BSA as standard. All experiments were performed with at least three different preparations.
Ca 2ϩ uptake. Ca 2ϩ uptake was determined using a Millipore filtration technique (14) . The reaction medium contained 50 mM MOPS-Tris pH 7.0, 2 mM MgCl 2, 0.1 mM CaCl2, 0.1 mM EGTA (3.7 M free Ca 2ϩ concentration), 10 mM Pi-Tris pH 7.0, 5 mM sodium azide, and 1 mM ATP. Sodium azide was added to the reaction medium to prevent any ATP hydrolysis by the mitochondrial ATPase. The absence or presence of monovalent cations (KCl, NaCl, or LiCl) in the medium is indicated in the figure legends. The reactions were started by the addition of vesicles (0.005 mg protein/ml), and aliquots were taken at the time and temperature shown in the figures. For Ca 2ϩ uptake, trace amounts of 45 Ca 2ϩ were included in the assay medium. The reaction was arrested by filtering samples of the assay medium through Millipore filters. After that, the filters were washed six times with 5 ml of 2 mM La(NO3)3, and the radioactivity remaining on the filters was counted using a liquid scintillation counter.
ATP hydrolysis. ATP hydrolysis was assayed by measuring the release of 32 Pi from [␥-32 P]ATP as previously described (16) . The reaction medium was the same as for Ca 2ϩ uptake measurements, except for the isotope used. The reactions were started by the addition of vesicles (0.010 mg protein/ml), and aliquots were taken at the time and temperature shown in the figures. The reaction was stopped by the addition of TCA, to a final concentration of 50% (wt/vol), mixed with charcoal to remove [␥-
32 P]ATP, centrifuged, and the remaining radioactivity was counted using a liquid scintillation counter. The rate of ATP hydrolysis in the absence of Ca 2ϩ and in the presence of 5 mM EGTA (Mg 2ϩ -dependent activity) was very low, Ͻ10% of the total activity measured in the presence of 3.7 M free Ca 2ϩ concentration (data not shown). The free Ca 2ϩ concentration was controlled using a Ca 2ϩ -EGTA buffer, calculated as described by Sorenson et al. (42) . The Q 10 values for ATP hydrolysis were calculated from the degree of activation that occurred on increasing the temperature by 10°C.
Calorimetric measurements. The heat production by SERCA from marlin heater organ was measured using an Omega isothermal titration calorimeter from Microcal, (Northampton, MA). The calorimeter sample cell (1.5 ml) was filled with reaction medium, identical to the ATP hydrolysis medium, and the reference cell was filled with Milli-Q water. After equilibration at 15°C, 25°C, or 35°C the reaction was started by injecting vesicles into the sample cell, and the heat change was recorded for 20 min. At the same time, in different tubes, the rate of ATP hydrolysis was measured in the same time intervals. The volume of vesicle suspension injected into the sample cell was 0.050 ml. The heat change measured during the initial 2 min after vesicle injection was discarded to avoid artifacts, such as heat derived from the dilution of the vesicle suspension in the reaction medium and binding of ions to the vesicles. The duration of these events was Ͻ1 min. Calorimetric enthalpy (⌬H cal ) was calculated by dividing the amount of heat released by the amount of ATP hydrolyzed in a parallel sample. Negative values indicate that the reaction was exothermic and positive values indicate that it was endothermic.
Statistical analysis. Results are expressed as means Ϯ SE. When error bars do not appear, it means that they are smaller than the symbols. Statistical significance of differences was assessed by Student's t-test using the Sigma Plot/Sigma Stat integrated software packages (Systat Software, Chicago, IL). Differences were considered significant if P Ͻ 0.05, as indicated in the figure legends.
RESULTS

Characterization of heater organ SR vesicles.
The light SR vesicles derived from the blue marlin (M. nigricans) heater organ retain a Ca 2ϩ -ATPase that is able to transport Ca 2ϩ in the presence of ATP, P i , and Mg 2ϩ . To ascertain the possible presence of other proteins involved in the Ca 2ϩ transport, rather than the SERCA pump, we performed experiments with a specific SERCA inhibitor and Ca 2ϩ channel modulators. The rate of Ca 2ϩ uptake was totally inhibited by thapsigargin ( Fig. 1) , a specific SERCA inhibitor that has no effect on the plasma membrane Ca 2ϩ -ATPase (43) . When different RyR ligands were tested in this preparation, it was observed that Ruthenium Red, described in the literature as a drug that closes the ryanodine Ca 2ϩ channels (47), had no significant effect ( Fig. 1) . On the other hand, caffeine, a substance that opens the RyR Ca 2ϩ channels (26) , was able to decrease the rate of Ca 2ϩ transport by almost 30% in the light fraction ( Fig. 1) . This result is different from that described for skeletal muscle, in which the RyR channel is localized in the terminal cisternae of the SR and is found mostly in a different fraction of vesicles, namely heavy SR (26) . Possibly, the contamination of RyR channels in light SR vesicles occurs because the heater organ lacks myofibrils and, consequently, the SR organization. It has been shown by Block et al. (10) , using confocal images, that the SR system is scattered throughout the cells, forming a continuous, but irregular, network. In the toadfish swim bladder muscle, in contrast, the SR has a highly organized RyR network (10) .
Effects of monovalent cations on the activity of heater organ light SR vesicles.
When different monovalent cations were tested for an effect on the blue marlin heater organ SERCA1 activity, both the rate of Ca 2ϩ uptake and ATP hydrolysis were activated more than twofold in the presence of 100 mM KCl, 100 mM NaCl, or 50 mM KCl plus 50 mM NaCl, but not by 100 mM LiCl (Fig. 2) . To detect a possible contamination by Na ϩ K ϩ -ATPase activity, we also measured ATP hydrolysis in the presence of 0.5 mM ouabain, a specific inhibitor of the Na ϩ K ϩ -ATPase (3). In the presence of this inhibitor, the ATP hydrolysis was not significantly different from the activity measured in the absence of inhibitor (Fig. 2) . The concentration of KCl needed for half maximum activation of SERCA Ca 2ϩ transport was ϳ10 Ϯ 0.25 mM (n ϭ 6) (Fig. 3) . These results indicate that the activation promoted by monovalent cations is not due to Cl Ϫ ions, and it is specific for K ϩ and Na ϩ , which are physiological cations.
Effects of temperature and KCl on Ca 2ϩ transport. The effect of temperature on the activity of the heater organ SERCA pump was measured because the blue marlin is able to dive to a depth of almost 600 m and during the descent through the water column, the fish can reach different ambient temperatures, while its cranial temperature is maintained constant at 28 Ϯ 1°C for 36 h (11) .
As far as we know, the physiological temperature of the blue marlin heater organ itself has not been measured in vivo due to difficult experimental conditions; it is probably higher than the cranial temperature measured by Carey and Robison in 1981 (11), because the heater tissue is surrounded by a layer of white fat and eye muscles that would tend to decrease the thermal conductivity of the organ, thus preventing heat loss through the cranium and into the water (12) .
As the temperature of the medium was raised from 15°C to 35°C, the initial rate of Ca 2ϩ uptake increased by a factor of three to four independently of the presence of KCl. On the other hand, in the absence of KCl, the maximal capacity of the enzyme to retain Ca 2ϩ , was practically the same at all temperatures tested (Fig. 4) .
The effect of KCl varied according to the temperature of the medium. KCl was able to activate both the initial rate of Ca 2ϩ transport and the maximal capacity to retain Ca 2ϩ about twofold at 15°C and threefold at 25°C (Fig. 4, A and B) . In contrast, at 35°C, KCl was less effective at activating the enzyme and raised the rate of Ca 2ϩ uptake only by a factor of 1.5 (Fig. 4C) .
As a result, in the presence of KCl, the maximal capacity for Ca 2ϩ accumulation increased with the temperature only up to 25°C. At 35°C, the SR vesicles' capacity to retain Ca 2ϩ was significantly less than at 25°C and similar to the value found at 15°C (Fig. 4) . This observation does not seem to be related to a loss in the activity of the enzyme at 35°C, because the vesicles' maximal capacity to retain Ca 2ϩ remained steady up to 60 min of reaction (Fig. 4C) .
The effect of KCl on the Ca 2ϩ affinity of the enzyme was tested at 25°C by measuring ATP hydrolysis (data not shown). The K 0.5 values for Ca 2ϩ were not altered, being practically the same in the absence and presence of 100 mM KCl and similar to those found with the mammalian SERCA1 isoform, i.e., K 0.5 ϭ 0.1 Ϯ 0.09 M (n ϭ 4) (data not shown).
Effects of temperature and KCl on ATP hydrolysis and heat production. It has been described that different SERCA isoforms derived from mammals, fish, and invertebrates are able to increase the amount of heat production per mole of ATP hydrolyzed when a Ca 2ϩ gradient is formed across the membrane of the vesicles (18 -24, 28). To verify the ability of the blue marlin heater organ SERCA1 isoform to produce heat, we performed microcalorimetric experiments concomitant with ATP hydrolysis measurements, in the absence and in the presence of a Ca 2ϩ gradient at different temperatures. In addition, we investigated the effect of KCl under these conditions (Figs. 5-8 ).
At all temperatures tested, the Ca 2ϩ ionophore A 23187 was able to stimulate the rate of ATP hydrolysis almost twofold (Fig. 5, C and D) . As the temperature of the medium increased from 15°C to 25°C in intact vesicles, the rate of ATP hydrolysis was stimulated two to threefold in the absence, as well as in the presence, of KCl (Fig. 5, A and B; Table 1 ). On the other hand, when the Ca 2ϩ gradient was dissipated, the rate of ATP hydrolysis increased over this temperature range from four to sixfold, again, independently of the addition of KCl (Figs. 5, C and D; Table 1 ). Increasing the temperature of the medium from 25°C to 35°C also promoted activation on the rate of ATP hydrolysis up to approximately threefold, but this pronounced effect was only observed in the absence of KCl and when a Ca 2ϩ gradient was formed across the vesicles (Fig. 5A and Table 1 ). A less remarkable activation, (1.2-to 2-fold) was observed in all other conditions (Fig. 5 , B-D and Table 1) .
As observed for Ca 2ϩ uptake, the addition of 100 mM KCl was able to stimulate the rate of ATP hydrolysis and the heat production catalyzed by the marlin SR vesicles at all temperatures tested, both in the presence and in the absence of a Ca 2ϩ gradient (Figs. 5-7 ). Similar to Ca 2ϩ uptake, the degree of activation promoted by KCl was dependent on the temperature of the medium. At 15°C and 25°C, the rate of ATP hydrolysis catalyzed by SR vesicles from the blue marlin heater organ was activated from two-to threefold by KCl, independently of whether a Ca 2ϩ gradient was formed across the vesicles. On the other hand, at 35°C KCl was less effective at activating the enzyme, and the activity increased only by a factor of 1.5-to 2.0-fold after the addition of KCl (Fig. 5) , similar to the effect observed for Ca 2ϩ uptake. Concomitant with the ATP hydrolysis measurements, we measured the heat produced by the marlin SERCA1 pump. We found that, unlike the rate of ATP hydrolysis, at 15°C the amount of heat released as a function of time was practically the same regardless of the Ca 2ϩ gradient (Figs. 6A and 7A ). On the other hand, similar to the rate of ATP hydrolysis, the amount of heat released by the SR vesicles upon addition of 100 mM KCl increased by almost threefold (Figs. 6A and 7A) . As observed for the rate of ATP hydrolysis, increasing the temperature of the medium from 15°C up to 25°C, the absence of a Ca 2ϩ gradient was able to stimulate the heat released per mole of ATP hydrolyzed almost twofold, in the presence as well as in the absence of KCl (Figs. 6B and 7B ).
At 35°C, close to the mammalian temperature, as observed for Ca 2ϩ transport and ATP hydrolysis, KCl was less effective at activating the heat release catalyzed by the enzyme and the activation promoted by this cation increased the heat production only by a factor of two, independently of the Ca 2ϩ gradient (Figs. 6C and 7C) .
The amount of heat released during the hydrolysis of each ATP molecule (⌬H cal ) varied according to the Ca 2ϩ gradient, the presence of KCl, and the temperature of the medium. There was only one condition in which KCl was able to inhibit the ⌬H cal catalyzed by the marlin vesicles: at 25°C when a Ca 2ϩ gradient was formed across the membranes (Fig. 8, Table 2 ). At 15°C the ⌬H cal varied from Ϫ11.2 Ϯ 1.6 to Ϫ13.9 Ϯ 0.4 (n ϭ 4) independently of the presence of KCl or a Ca 2ϩ gradient ( Table 2) . With an increase in temperature to 25°C, the value of ⌬H cal found in intact vesicles, in the absence of KCl, was significantly greater than in leaky and intact vesicles in the presence of KCl (Table 2 ). At 35°C, the heat released by blue marlin SR vesicles was about the same as those found in mammals. The heat released increased by a factor of two when a Ca 2ϩ gradient was formed across the vesicles at 35°C independently of the presence of KCl (Table 2 ).
DISCUSSION
The inability to limit heat loss while respiring through gills prevents most fish from maintaining body temperatures above ambient levels. However, some species from the suborder Scombroidei, including billfishes, have evolved the ability to elevate the temperature of some regions of the body by internal heat generation (regional endothermy). The blue marlin (M. nigricans) is able to dive into deep (ϳ600 m) and cold waters (ϳ10°C), while keeping its cranial temperature constant, due to the presence of the heater organ (4 -13).
It has been proposed that thermogenesis by the heater organ is associated with Ca 2ϩ cycling in the cell cytoplasm. The ATP consumption by Ca 2ϩ -ATPase during Ca 2ϩ transport stimulates oxidative metabolism, a process that generates heat (9) . Here we show that vesicles derived from blue marlin SR heater organ retain a Ca 2ϩ -ATPase that can interconvert different forms of energy. During the hydrolysis of ATP, part of the energy is always converted into heat and the other part can be converted into work (Ca 2ϩ transport) or heat, depending on the temperature and the presence of KCl in the reaction medium. We suggest that this alternative heat-producing mechanism catalyzed by the marlin SERCA1, may also contribute to the total heat generation by this tissue. No one to our knowledge has investigated whether the blue marlin heater organ SR Data are means Ϯ SE and are derived from the experiment shown in Fig. 5 . Ca 2ϩ -ATPase can produce heat during its catalytic cycle and contribute to the thermogenic process.
Until now, uncoupling proteins have not been identified in heater organs (5), indicating that uncoupling protein is probably not involved in metabolic heat generation in this tissue. Even in brown adipose tissue, in which the role of uncoupling protein-1 has been studied extensively, a significant contribution of SERCA to heat production has also been described (24) .
It has been shown that heater cells are innervated by a branch of the oculomotor nerve (4) with large clusters of acetylcholine receptors on the plasma membrane (37), suggesting a mechanism of thermogenesis that involves the depolarization of the heater cells. In an excitation-thermogenesis coupling model, proposed by Block (9), the transmission of action potentials down the oculomotor neuron would result in release of ACh and depolarization of the heater end plate. Once stimulated, heater cell depolarization would lead to Ca 2ϩ release from the SR through the specific RyR1 slow isoform, which is expressed in heater cells (37) , similar to the sequence of events that occurs in skeletal muscle.
Recently, it was demonstrated that in rabbit skeletal muscle light SR vesicles, KCl has no effect at all on the thermogenic activity of the SERCA1 or on the activity of the enzyme. On the other hand, in heavy SR vesicles, an SR fraction enriched with RyR1 fast isoform, at 35°C, physiological concentrations of KCl inhibited the extra production of heat by the mammalian SERCA1, which is also present in this fraction (2, 38) . KCl also increased the rate of ATP hydrolysis; however, different from our results, KCl inhibited the rate of Ca 2ϩ uptake (38) . Since the RyR isoform expressed in heater organ is different from the one found in skeletal muscle, at present, we do not know what would be the effect of KCl on the RyR slow isoform from heater tissue.
Our results show that both the Ca 2ϩ transport and ATP hydrolysis catalyzed by vesicles derived from blue marlin heater organ are activated severalfold in the presence of 100 mM KCl at all temperatures tested (15°C, 25°C, and 35°C). LiCl, a nonphysiological monovalent cation, has no effect on SERCA activity. Also the Ca 2ϩ affinity of the enzyme is not altered by the presence of KCl (data not shown).
Although the physiological concentration of KCl in the cytoplasm of the heater organ was not determined, as far as we know, in most cells studied, it has been found to vary between 100 and 150 mM (27) . It is difficult to imagine a situation in which a large shift in KCl concentration would occur, and therefore, a control of marlin heater organ SERCA1 by KCl may not be a physiological event. However, the results found in this work also suggest a similarity to the SERCA isoform from the longitudinal muscle of sea cucumber and from unfertilized eggs of the sea urchin (29 -32) . Like these isoforms, the heater organ SERCA1 is naturally dependent on KCl to reach its maximal activity. Previous studies have demonstrated that in the presence of glycosaminoglycans, the activity of different SERCA isoforms is inhibited, and KCl, but not LiCl, is able to overcome this inhibition (17, 40, 41) . Indeed, previous work with rabbit SR has demonstrated that, in the presence of sulfated polysaccharides, such as heparin, the ⌬H cal can reach values similar to those found for heater organ SERCA1 in the absence of KCl (ϳ30 kcal/mol) (20) . Endogenous glycosaminoglycans are also present in the SR vesicles from blue marlin heater organ (data not shown). It might be that these glycosaminoglycans regulate the SERCA activity and its dependence on KCl. However, at present, we do not know the mechanism of KCl activation, and further studies are in progress. Little is known about the KCl concentration in the heater organ, the mechanisms of cell depolarization in this tissue, or how much the KCl concentration might vary in the microenvironment close to the SR membrane. Thus, at present we cannot specify exactly the physiological meaning of KCl.
In this report we show that at 35°C, light vesicles derived from heater organ produce twice as much heat, with ⌬H cal values varying from Ϫ8.1 to Ϫ20.2 kcal/mol when a Ca 2ϩ gradient is formed across the membrane. At this temperature, the presence of KCl has no effect on ⌬H cal values and the SERCA is continuously producing heat ( Table 2 ). The capacity for Ca 2ϩ -uptake catalyzed by the heater organ SERCA1 measured at 35°C was stable up to 60 min (Fig. 4) . Also, the rate of ATP hydrolysis (Fig. 5) and heat production (Figs. 6 and 7) were linear for 20 min, independently of the presence of KCl, showing that the protein is stable at this temperature and does not lose its activity due to temperature denaturation. At 15°C, a temperature never reached in the blue marlin cranium, the amount of heat produced per mol of ATP hydrolyzed remains constant at approximately Ϫ12.0 kcal/mol, independently of the presence of a Ca 2ϩ gradient or KCl. Surprisingly, at 25°C the rate of heat production by SERCA1 seems to be sensitive to KCl. At this temperature, KCl reduces the heat released by intact vesicles, changing the ⌬H cal from approximately Ϫ26.2 to Ϫ16.1 kcal/mol. These results are similar to those previously found with SERCA1 from rabbit and trout skeletal muscle; each of these SERCA1 isoforms was only able to produce extra heat per mole of ATP hydrolyzed with intact vesicles at its physiological temperature, 35°C and 25°C, respectively (20) .
Experiments done by Carey and Robison (11) showed a relatively constant cranial temperature of 28 Ϯ 1°C for 36 h while the fish was traveling. However, as far as we know, the physiological temperature of the blue marlin heater organ itself was not measured in vivo while the fish was swimming, due to difficult experimental conditions, but it is probably higher, because the heater tissue is surrounded by a layer of white fat and eye muscles that will decrease the thermal conductivity of the organ, preventing the heat loss through the cranium into the water (12) . The results found in this work may suggest that the physiological temperature of the heater organ could be similar to those found in mammals, ϳ35°C.
In the ocean, an environment where the marlin has to dive into cold waters, the drop in the temperature of the water could be a stimulus to promote depolarization of the heater cell, to buffer the effect of the temperature. Studies with tuna slow-twitch muscles, which also express this RyR1 slow isoform, have shown that unlike the RyR1 fast isoform from tuna fast-twitch muscle and toadfish swim bladder muscle (37) , adenine nucleotides attenuate the Ca 2ϩ -dependent inhibition of the RyR1 slow isoform. Thus this channel remains open in high [Ca 2ϩ ] and may contribute to a prolonged release of Ca 2ϩ from the SR in heater cells. Our results are in accordance with this model: the increment in cytoplasmic Ca 2ϩ would stimulate the SERCA1 from heater tissue to transport Ca 2ϩ back to the SR at the expense of ATP hydrolysis and thus continuously favor formation of a Ca 2ϩ gradient across the vesicle membranes, thereby increasing the heat production. In addition, in this situation the [ADP] increases, which stimulates the oxidative phosphorylation in mitochondria to restore the levels of ATP, a metabolic process that releases heat. We conclude that both mitochondria and SERCA1 pump from heater tissue may work simultaneously to promote thermogenesis in the heater organ from blue marlin.
Perspectives and Significance
In summary, our study concerning the interconversion of energy catalyzed by the SERCA1 from the heater organ, advances our understanding of the knowledge on thermogenic mechanisms of the billfish heater organ. Many molecular and immunological studies had been done with blue marlin heater organ SERCA1 and other proteins present in this organ. However, there are other physiological and biochemical properties of the heater organ that are not understood, and more work needs to be done. We conclude that thermogenesis mediated by the blue marlin heater organ SERCA1, demonstrated in this work for the first time, may play an important role during heat production by this tissue and has a physiological importance for the survival of animals subjected to sudden changes of temperature.
